Glomerulosclerosis in a heterogeneous pattern, ie, focal and segmental glomerulosclerosis (FSGS), is a common endpoint in a variety of settings, including idiopathic FSGS, and scarring secondary to other renal or systemic diseases. These different causes contribute to the diverse clinical outcomes of histological focal sclerosis, and the varying histologic manifestations of sclerosis. Numerous models have been established in the rat that aim to mirror the various elements of human glomerulosclerosis. With the availability of knockout gene technology, many, but not all of these models have been translated to mouse species. This review will focus on the remnant kidney model, the podocyte injury models of puromycin aminonucleoside or adriamycin injection, and examples of newly developed genetic models, such as knockout of CD2 associated protein (CD2AP).
G
LOMERULOSCLEROSIS in a heterogeneous pattern (ie, focal and segmental glomerulosclerosis [FSGS] ), is a common end point in a variety of settings, including idiopathic FSGS, and scarring secondary to other renal or systemic diseases. 1, 2 These different etiologies contribute to the diverse clinical outcomes of histologic focal sclerosis. Also, the broad spectrum of underlying diseases associated with histologic lesions of focal sclerosis in all likelihood reflects the presence of diverse pathogenic mechanisms leading to focal sclerosis. The morphologic appearance of sclerosis varies greatly depending on the initial insult, from the nodular scarring characteristic of diabetic nephropathy to collapsing features seen in idiopathic collapsing glomerulopathy and human immunodeficiency virus-associated nephropathy, prominent synechiae in some cases of idiopathic FSGS, or the prominent hilar localization and marked glomerular hypertrophy characteristic of secondary forms of segmental sclerosis. Such varying morphologic patterns also are seen in different experimental models (Fig 1) . 3 With the podocyte injury models of adriamycin or puromycin aminonucleoside nephropathy, there are early adhesions, followed by multifocal areas of sclerosis. When the endothelial cell is injured as in radiation nephropathy, there is early thrombosis followed by organizing well-delineated segmental sclerosis. 4 In contrast, the sharply delineated areas of segmental sclerosis in the remnant kidney model develop without preceding thrombosis.
Numerous models have been established in the rat that aim to mirror the various elements of human glomerulosclerosis. With the availability of knockout gene technology, many, but not all, of these models have been translated to mouse species. The rat models have had the advantage of ease of physiologic manipulations, including direct micropuncture of the glomerulus in, for instance, the Munich Wistar rat, in which glomeruli are present on the surface. The much smaller size of the mouse makes such physiologic measurements more challenging. The possibility of direct investigation of the impact of overexpression or deletion of specific genes still renders the mouse a very attractive model. This article focuses on the remnant kidney model, the podocyte injury models of puromycin aminonucleoside or adriamycin injection, and examples of newly developed genetic models, such as knockout of CD2-associated protein (CD2AP).
REMNANT KIDNEY MODEL
The rat renal ablation model was described initially in 1932, with subsequent extensive investigation with elegant micropuncture studies by Brenner's group and others. 5, 6 The removal of a large portion of renal mass results in gradually increasing proteinuria and progressive hyperperfusion, hyperfiltration, hypertrophy and focal, segmental, initially affecting the deep juxtamedullary glomeruli as in human idiopathic FSGS. [6] [7] [8] [9] There is early glomerulosclerosis by week 4 after renal ablation by ligation, with segmental sclerosis in about 20% of glomeruli by week 8 with early tubulointerstitial fibrosis. By week 12, there is widespread glomerulosclerosis and tubulointerstitial fibrosis. Animals typically die of uremia starting at week 12 to week 16. 6,10 The model has technically been induced in various ways, with removal of one kidney and ablation of two thirds of the renal mass in the contralateral kidney (ie, 5/6 nephrectomy) achieved by ligation with suture of branches of the renal artery, or polectomies, or ligation of the poles. Polectomy results in only moderate hypertension and slow development of glomerulosclerosis compared with those procedures that leave infarcted tissue in place. 11 This may, in part, relate to the marked up-regulation of components of the renin angiotensin system in the peri-infarct zone in the ligation models. 12 In the mouse, the anatomic distribution of the renal artery branches makes it difficult to achieve reproducible 5/6 nephrectomy. We have, therefore, modified our approach in the mouse to a combination of ligation of one branch of the renal artery with cautery as needed to remove additional renal mass to achieve a total of 5/6 to 7/8 nephrectomy.
After removal of renal mass, tubular and glomerular growth occur. The glomerular growth occurs primarily by lengthening of the capillaries without significant increase in diameter after loss of renal parenchyma. 13 With more extreme hemodynamic abnormalities, dilatation of capillaries may occur and contribute to increased glomerular size. 14 So-called glomerular hypertrophy represents both cellular hypertrophy (increase in cell size) and hyperplasia (increase in cell number). Glomerular hypertrophy can be detected biochemically and morphologically by electron microscopy as early as 2 days after 5/6 nephrectomy. Increased glomerular volume at 2 days was attributable to increased glomerular visceral epithelial cell expansion, likely hypertrophy in view of this cell's limited mitogenic capacity (see later). 15 Later increases in glomerular volume were contributed to a mesangial cell increase, likely both hypertrophy and hyperplasia. Hyperplasia predominated after 5/6 nephrectomy, whereas hypertrophy was the major growth response after uninephrectomy. The resulting glomerular growth was more marked after 5/6 nephrectomy, and was associated with later sclerosis. The patterns of gene expression were markedly different in hypertrophy versus hyperplasia, with a rapidly, transiently increased expression of the protooncogenes c-fos, c-myc, and c-Ha-ras in hyperplasia, with c-fos and c-jun also elevated at day 14 after 5/6 nephrectomy. 15, 16 In contrast, there was a gradual, progressive increase in these protooncogenes when hypertrophy occurred after uninephrectomy. Age also affects the relative contributions of hypertrophy and hyperplasia after loss of renal mass. Although new nephrons do not form after term birth, hyperplasia is more prominent in the young and is greater after extensive nephron loss, and young animals develop more severe sclerosis after renal ablation than adult rats. [17] [18] [19] Precise trigger(s) for initiation of growth response remain undetermined. Early work proposed that renal growth after uninephrectomy was merely in response to increased work load. However, the increased growth in the remnant kidney model in the rat occurred before increases in single nephron glomerular filtration rate. In the early 1970s the concept of renotropic factor(s) was formulated as the alternative explanation based on observations of renal growth in normal animals connected by parabiosis with an anephric partner, resurrecting observations made by Sacerdotti over a hundred years ago. 20 A possible quantitative trait locus linked to genetic modulation of the compensatory growth response has been identified in the mouse on chromosome 11. This marker maps near the genes for angiotensin I converting enzyme (ACE), growth hormone, and neural growth factor receptor, all of which have known influences on growth responses in the kidney. 21 Glomerular cell growth responses vary after renal ablation. The mature glomerular visceral epithelial cell has limited proliferative capacity, linked to its high expression of the cyclin-dependent kinase inhibitor, p27 kip1 . 22 Aberrant proliferation of the visceral epithelial cell in response to genetic manipulation of p27 kip1 is postulated to be detrimental. 23 Another cyclin-dependent kinase inhibitor, p21, appears necessary for development of injury after 5/6 nephrectomy in the 129 strain mice, pointing to the crucial importance of cell growth responses in determining response to injury. 24 The limited capability of the glomerular epithelial cell to undergo hyperplasia results in epithelial cell detachment when the glomerulus enlarges in response to injury. These denuded areas are associated with areas of hyalinosis and are believed to play a role in progressive scarring caused by injury from exudation of plasma proteins. 25 These adhesions also result in misdirected filtration, resulting in ultrafiltrate enveloping the glomerulus and dissecting along the nephron, postulated to result in fibrosis. 26 The initial observations that single nephron function was increased after renal ablation led to further studies and the hypothesis that hyperfiltration was injurious. 6, 27 It was postulated that this maladaptive change after removal of nephrons resulted in the ongoing loss of glomeruli, and thus a cycle of hyperfiltration and glomerulosclerosis was perpetuated. 27 Manipulations of hyperfiltration by feeding a low-protein diet or by giving angiotensin I converting enzyme inhibitors (ACEIs), lipid-lowering agents, or heparin were effective in ameliorating glomerular sclerosis. However, in some studies, glomerular sclerosis was decreased without altering glomerular hyperfiltration. 28 In addition, experimental maneuvers that actually increased glomerular hyperperfusion (such as thromboxane synthetase inhibitors or exercise training), not only did not accelerate progression, but actually slowed the process. Finally, glomerular sclerosis was noted to occur even in the absence of intervening hyperperfusion. 29, 30 The absence of a tight link between hyperperfusion and glomerular sclerosis shifted focus from hyperperfusion/hyperfiltration to glomerular hypertension, another element of the increased glomerular stress that follows renal ablation. Increased glomerular pressure correlated better with glomerulosclerosis. Mechanisms by which increased pressure might promote sclerosis include altered mechanical and/or shear stress. Mesangial cells in culture subjected to pulsatile mechanical stretch/relaxation cycles changed production of cytokines that affect matrix production and proliferation of glomerular cells, and altered type and amount of matrix production. 31 Many maneuvers that had been used to ameliorate matrix accumulation and thus glomerulosclerosis in vivo also affected glomerular pressures. Decreased glomerular pressure in the remnant model, in response to dietary protein restriction or antihypertensive drugs, among other interventions, was associated with slower progression. 29, 30, [32] [33] [34] One study in rats examined the heterogeneous changes in function in individual nephrons after renal ablation. Glomerular filtration and pressure were assessed repeatedly by micropuncture in the same surface nephrons in the Munich Wistar rat over a 6-week period. When the single-nephron glomerular filtration rate and glomerular capillary pressure were correlated with the degree of sclerosis in the same glomerulus, no correlation was found between the levels of these hemodynamic parameters and the degree of sclerosis. Thus, the nephrons with the greatest hyperfiltration or highest glomerular capillary pressure did not show the most severe sclerosis at the end of the study, indicating that glomerular hypertension or hyperperfusion per se did not directly account for the glomerular damage. 10 In the remnant kidney in rats, glomerular growth and sclerosis are linked. A strong biphasic correlation was found between the degree of total glomerular sclerosis and the maximum glomerular planar area, determined by serial section analysis. Severely sclerotic glomeruli showed a negative correlation with glomerular area. Development of mild to moderate sclerosis correlated closely with glomerular growth. Glomerular sclerosis and hypertrophy were decreased in parallel by ACEI, further pointing to a link between the 2 processes. 34, 35 Of note, ACEI was not equally effective at all stages of glomerular growth and sclerosis: glomeruli with more advanced sclerosis showed continuous progression, whereas progression of early stage of sclerosis was inhibited. High doses of ACEI or angiotensin type 1 receptor antagonist (AT1RA), 4-fold more than the usual antihypertensive level, could even regress existing sclerosis. 36 These findings indicate that different mechanisms of cell growth and matrix accumulation are predominant among the heterogeneously affected glomeruli, with differing potential for response to treatment and remodeling.
Sclerosis is the net result of matrix synthesis exceeding matrix degradation. Extracellular matrix (ECM) dysregulation is influenced by numerous growth factors, cytokines, and chemokines, which again can be modulated by local increases in shear stress or hydraulic pressures, or by insults that include, but are not limited to, increased glomerular metabolism, heightened reactive oxygen species, altered lipid metabolism, mesangial deposition of macromolecules, and abnormal hemostasis, among others. 29, 30 The beneficial effects of angiotensin inhibition and 3-hydroxy-3-methylglutaryl coenzyme reductase inhibitors, the so-called statins, likely reflect multiple actions on these pathologic processes. Thus, angiotensin has direct and indirect effects on pressure, ECM synthesis and degradation, thrombosis, lymphocytes, macrophages, and also stimulates other growth factors. [35] [36] [37] [38] Statins, in addition to decreasing lipid levels, modulate macrophages and fibrogenic responses. 39 Numerous additional factors have been implicated in the progressive scarring in the remnant kidney, including the following: platelet-derived growth factor, transforming growth factor-␤, transforming growth factor-␣, insulin-like growth factor-1, growth hormone, epidermal growth factor, interleukins 1 and 6, tumor necrosis factor ␣, basic fibroblast growth factor, endothelin and plasminogen activator inhibitor-1 (PAI-1). 29,37,38 PAI-1 inhibits not only fibrinolysis, but also proteolysis, by inhibiting activation of plasminogen activators, thereby promoting ECM accumulation. Angiotensin II directly induces PAI-1 both in vitro and in vivo, and inhibition of angiotensin decreases PAI-1 both in humans and in experimental models, including the radiation nephropathy model and remnant kidney model. 4, 35, 38 Decreased PAI-1 is hypothesized to be a key mechanism promoting ECM degradation, amelioration, or even regression of sclerosis. 36 
PUROMYCIN AMINONUCLEOSIDE AND ADRIAMYCIN NEPHROPATHY MODELS
Glomerular visceral epithelial cells are the primary target in many glomerular diseases, including the experimental models of adriamycin and puromycin aminonucleoside-induced nephropathies. The glomerular visceral epithelial cells are pivotal for maintenance of normal permselectivity, and are also a source of matrix in both physiologic and pathophysiologic settings. Puromycin aminonucleoside (PAN) nephropathy may be induced in the rat in various ways, with multiple intraperitoneal injections, or a single intravenous administration, with or without unilateral nephrectomy. [40] [41] [42] [43] Depending on the exact strategy chosen and time of assessment, the model may be hypertensive or not. Micropuncture studies indicated that mild elevations in glomerular pressure do not account for sclerosis in the uninephrectomy and intraperitoneal injection variant of this model, and protection by ACE inhibitor was not linked to effects on glomerular pressures at the single glomerular level as shown by serial micropuncture studies. 43 With the single intravenous dose (50 mg/kg body weight [BWt]) model of PAN nephropathy in the rat, there is an early nephrotic phase with proteinuria peaking at approximately 10 days. The early phase of the model resembles minimal change disease, with complete effacement of foot processes. There is then apparent near resolution, followed by steady, progressive, lower-level proteinuria developing between weeks 10 and 13, associated with early segmental sclerotic lesions. 40 By week 18, about 10% to 15% of glomeruli show well-defined segmental sclerosis. The course is accelerated with uninephrectomy and multiple intraperitoneal injections (10 mg/kg BWt first dose, additional doses every 4 weeks at 40 mg/kg BWt), with well-defined glomerulosclerosis by week 8. 42, 43 Adriamycin, although chemically different from puromycin aminonucleoside, causes a virtually identical lesion in the rat. Adriamycin given intravenously (2 mg/kg BWt twice with 3-wk interval) results in early phase proteinuria with focal foot process effacement shortly after the second injection, progressing over the next 2 months. Kidneys show early segmental sclerosis by week 16, progressing to widespread glomerulosclerosis with tubulointerstitial fibrosis by week 24, with some animals dying of uremia by week 28. 43, 44 Adriamycin given in a single intravenous dose (5 mg/kg BWt) resulted in sclerosis by 6 months in half of the rats. 45 The models of nephropathy induced by injection of adriamycin or puromycin aminonucleoside more recently also have been investigated in the mouse. Although most rat strains show complete susceptibility to these agents, so far only the Balb/c mouse strain has been shown to be susceptible, developing marked proteinuria and focal segmental glomerulosclerosis in response to intravenous adriamycin (dose of adriamycin, 10-11 mg/kg BWt). [46] [47] [48] Of note, these mice were resistant to PAN. 48 The mice develop overt proteinuria from day 5, with mild glomerulosclerotic lesions starting by week 4, becoming extensive with associated tubulointerstitial fibrosis by week 6.
The primary effects of puromycin aminonucleoside and adriamycin appear to be on the podocytes, suggested by morphologic changes and direct toxicity to these cells in culture. 49 Adriamycin and puromycin aminonucleoside exert oxidative damage on cell structure through a direct reduction to a semiquinone radical or by producing reactive oxygen species (ROS) via the xanthine oxidase system. 50 PAN also enhances the production of H 2 O 2 in cultured podocytes, 51 though the mechanism is still unclear. Injection of ROS into the renal artery even causes acute marked, but transient, proteinuria in rats without altered GBM charge or foot process effacement. 52 To support the hypothesis that ROS could mediate proteinuria in these models, administration of ROS scavengers significantly reduces proteinuria in PAN-injected rats or adriamycin-injected rats. 50,53 The ROS-mediated injury is associated with down-regulation and shift in polarity of ␣-3 integrin expression, a key molecule for maintenance of podocyte shape and adhesion. 54 Epithelial cell integrins are key modulators of cell interactions and cell-matrix binding. ␣-3 and ␣-5 integrins are decreased in areas of sclerosis. 55 Changes in these molecules may underlie the foot process effacement and altered cell-cell and cellmatrix interactions in these epithelial cell injury models. Taurine, an endogenous antioxidant, also was effective in limiting injury in PAN nephropathy, and normalized ROS-related byproducts in the kidney. 56 The protective effect of ROS scavengers on PAN-induced podocyte cytotoxicity also was seen in vitro. 51 Thus, ROS appear to mediate, in part, proteinuria and podocyte injury in PAN or adriamycin nephropathies.
In PAN nephropathy, the podocytes also show down-regulation of the podocyte proteins podoplanin and nephrin, key elements of the foot processes and slit diaphragms. 57,58 Thus, loss of these molecules could just be markers of severe podocyte injury, or even be causal in the proteinuria. In the minimal change disease phase of the PAN nephropathy model, podocytes express proliferation markers. In contrast, bromodeoxyuridine labeling of podocytes was decreased in the FSGS phase of the model, although apoptosis was increased significantly, supporting that inadequate proliferation of the podocyte contributes to development of sclerosis. 59 This concept of podocyte insufficiency also is supported in human conditions, in which decreased podocyte number relative to glomerular surface area is postulated to result in increased podocyte stress, detachment, and adhesions. 59 Podocyte depletion also was confirmed morphometrically after repeated injections of puromycin aminonucleoside. 60 The development of glomerular hypertrophy also contributes to this relative podocyte insufficiency. Significant enlargement of the glomerular tuft volume mediated by capillary lengthening preceded development of FSGS in the multiple injection PAN nephropathy model. In the later stage of PAN nephropathy, continued glomerular enlargement was caused more by an increase in capillary diameter and mesangial matrix expansion, implicating possible increased role of hemodynamic/wall tension stresses in this later phase of injury. 61 The development of sclerosis in PAN nephropathy is associated with numerous changes of potential mediators of fibrosis. The loss of podocytes has been linked to altered expression of numerous factors, notably vascular endothelial growth factor and its receptors. Vascular endothelial growth factor is produced in the epithelial cell and acts as an endothelial cell-specific mitogen that plays a key role in both physiologic and pathologic angiogenesis and vascular permeability. In the early phase of PAN nephropathy, both vascular endothelial growth factor in podocytes and its receptor flk-1 in glomerular endothelial cells were decreased, with likely adverse effects on capillary growth and permselectivity. 62 The tubulointerstitial fibrosis in PAN nephropathy is linked strongly to macrophage infiltration and ongoing proteinuria. 63 Proteinuria is postulated to directly up-regulate proinflammatory chemokines and fibrotic processes in the tubules. Examination of glomerular basement membrane charge and size selectivity in PAN nephropathy showed a marked increase in the number of large pores and also an increase in small-pore radius with less dramatic effects on estimated capillary wall charge. 64, 65 Heparanase expression in podocytes is increased markedly in PAN nephropathy and could contribute to the loss of glomerular charge and consequent proteinuria. 66 Although the severity of proteinuria correlates with tubulointerstitial nephritis in PAN nephropathy, PAN itself may induce tubular cell damage. 63 Further, analbuminemic rats treated with adriamycin developed the same degree of glomerular sclerosis and renal failure despite 70% reduction of proteinuria, compared with Sprague-Dawley counterparts. 67 Correlation of proteinuria and glomerulosclerosis has been shown in remnant kidney models on the whole kidney level. However, both parameters are manifest heterogeneously among the individual glomeruli in chronic renal disease. Proteinuria originates largely from the nonsclerotic rather than the sclerotic glomeruli in the remnant kidney model, shown by micropuncture study. 68 Correlation of proteinuria and glomerular sclerosis was not shown at the single nephron level. In PAN nephropathy rats, administration of AT1RA showed similar protective effect on progression of glomerular sclerosis as ACE inhibitor, even though AT1RA had no significant antiproteinuric effect in the acute nephrotic phase. 69 Thus, proteinuria per se may not cause the progression of renal disease, and further, mechanisms underlying proteinuria and glomerular sclerosis do not appear to be identical.
Numerous chemokines are up-regulated in a complex manner in PAN nephropathy, with transient increase during early proteinuria in monocyte chemotactic protein-1 and -3 and lymphotactin, the C-C chemokine TCA3 and MIP-1 ␣. Macrophage infiltration is prominent at this time point. Glomerular MIP-1 ␤ and RANTES increase slightly later, on day 10. 70 Osteopontin, which among its many functions recruits macrophages, also is up-regulated in PAN nephropathy. 71 Cytotoxic CD8ϩ T lymphocytes also are linked to progressive injury in the mouse model of adriamycin nephropathy, and anti-CD8 treatment protected against injury, suggesting that cells other than macrophages could contribute to progressive fibrosis. 72 ECM dysregulation occurs in PAN nephropathy as in the remnant kidney. The accumulation of ECM in PAN nephropathy is associated with suppressed proteolytic enzymes in addition to augmented collagen synthesis. Cathepsins and metalloproteases were decreased by 4 weeks after initial puromycin injection. 73 Specific therapies antagonizing endothelin receptor A or angiotensin are linked to decreased collagen synthesis. 74 Reversal of existing PAN-induced sclerosis could even be achieved with an intervention with an ACE inhibitor, AT1RA, or low-protein diet. 69, 75 GENETIC SUSCEPTIBILITY Genetic background greatly affects susceptibility to disease. This phenomenon is well known from rat studies in which the PVGc rat, which has a larger number of smaller glomeruli, is quite resistant to sclerosis compared with the Munich Wistar and Sprague Dawley rats. This resistance was linked to a minimal hypertrophic response to loss of nephrons. 35 Similarly, dwarf rats with a defect in growth hormone and resulting deficient growth responses are resistant to the development of glomerulosclerosis after renal ablation. 76 In the mouse, the C57BL6/J strain is particularly resistant to induction of injury by the ablation of renal mass (Fig 2) . 77 The 129 strain and Swiss Webster mice are susceptible to this model (Fogo and Ma, unpublished data) . 24 This resistance does not correlate with susceptibility of development of sclerosis in the cardiovascular system: the C57BL6/J mice readily develop cardiac and aortic lesions in response to, for instance, increased pressure or high cholesterol.
The hypertrophic response, or lack thereof, and subsequent development of sclerosis are dependent on the genetic background, suggesting that complex genetic traits modulate the response of glomerular cells to pathogenic stimuli. Mice with reduced nephron number owing to a radiationinduced mutation that results in an approximately 50% nephron reduction in association with oligosyndactyly (Os ϩ/ϩ ) developed severe glomerular enlargement and sclerosis when this abnormality occurred on the sclerosis-prone ROP genetic background, but not in the sclerosis-resistant C57BL6/J strain. 78 Glomerular hypertrophy was proportional to the reduction of nephron mass in the former strain. In contrast, a threshold for glomerular size was observed in the C57BL6/J mice.
Susceptibility may be influenced by renin gene polymorphisms. Some mouse strains (eg, C57BL6/J) have one gene (Ren-1 c ), whereas other strains (eg, 129), have 2 (Ren-1 d and Ren-2). 79 The Ren-1 genes govern expression of renin in the kidney in the juxtaglomerular apparatuses, whereas the Ren-2 gene controls submaxillary gland renin expression and has very low renal expression. Mice with 2 renin genes (ie, 129 strain) have 10-fold higher plasma renin activity, angiotensindependent hypertension, and increased blood pressure and cardiac and renal hypertrophic responses to salt compared with one renin gene mice (ie, C57BL6/J). Renin gene status thus could have a major effect on susceptibility to injuries in which the renin angiotensin aldosterone system plays a role. 79 Most rat strains are susceptible to either puromycin aminonucleoside or adriamycin. However, the PVGc strain is resistant to PAN-induced injury. 80 Most mouse strains tested have shown resistance to both of these models. So far only the Balb/c mouse strain has been shown to be susceptible to adriamycin, and no mouse model of PAN nephropathy has been developed. 46, 47 
GENETIC MODELS
Since the identification of nephrin as the responsible gene mutation in congenital nephrotic syndrome of Finnish type, numerous additional in-sights have been gained into podocyte biology with important implications for FSGS, as reviewed elsewhere in this issue. Here we will only focus on the experimental models that have been developed so far that are relevant to these podocyte genes. The LMX1B gene encodes a LIM-homeodomain transcription factor and is mutated in nail patella syndrome. The knockout mouse for this gene has abnormal podocytes lacking typical slit diaphragms as discussed in detail elsewhere in this issue. Importantly, these knockout podocytes have greatly reduced CD2AP and podocin, although other podocyte genes such as nephrin, synaptopodin, ZO1, ␣-3 integrin, and specific laminins were preserved. 81 CD2AP also is expressed highly in the glomerulus, binds to nephrin via its C-terminal domain, and is localized to the slit diaphragm. 82, 83 The knockout of CD2AP results in congenital nephrotic syndrome in mice with great similarities to congenital nephrotic syndrome of Finnish type. 82 This adapter protein was identified previously as the key facilitator of T-cell adhesion to antigenpresenting cells, enhancing CD2 T cells' clustering and anchoring. Mice lacking CD2AP have intact kidneys at birth. Foot process effacement develops early, by 1 week. Proteinuria develops at 2 weeks of age, with increased glomerular size and increased mesangial cellularity matrix by 1 week of age. By 4 weeks of age, marked mesangial expansion is present. Growth retardation starts at 3 weeks, with death by 6 to 7 weeks owing to massive proteinuria and kidney dysfunction. Interestingly, this knockout mouse with its severe lesions has a 129 background strain.
Mutations of CD2AP have not yet been identified in human disease, but acquired alterations in its expression could possibly be involved in many human proteinuric conditions. Podocin also interacts with the CD2AP and nephrin complex, possibly indicating that podocin serves in the structural organization of the slit diaphragm. This complex appears then to be anchored via ␣ actinin-4, a mutation that causes familial focal segmental glomerulosclerosis. 84 Of note, the mutation in ␣ actinin-4 is postulated to be a gain-of-function mutation, contrasting the loss-of-function mutation seen with nephrin and CD2AP.
Acquired disruption of some of these complex interacting podocyte molecules has been shown in PAN nephropathy. Podocalyxin, the major sialoprotein of the podocyte interacts with actin via ezrin, a cytoskeletal linker protein. This linkage occurs via the scaffold protein Naϩ/Hϩ exchanger regulator factor 2 (Nherf2). This podocalyxin/NHERF2/ezrin complex interaction with the actin cytoskeleton is disrupted in podocytes from animals treated with puromycin aminonucleoside, or protamine sulfate or sialidase, all resulting in dramatic loss of foot processes. 85 An additional model of particular interest is the Buffalo/mna rat, which develops spontaneous FSGS by 2 months of age. The lesion appears to depend on a circulating factor because kidneys from other rat strains transplanted into the Buffalo/mna rat also develop proteinuria within 10 days, progressing to FSGS, whereas Buffalo/mna kidneys show regression of lesions after transplantation into healthy Lewis rats. 86 This may be of particular relevance to the human situation of recurrence of FSGS in transplants in some patients, linked to a circulating factor with effects on permeability. The Buffalo/mna rat develops epithelial cell alterations with foot process flattening and by 2 months, with development of proteinuria and focal segmental sclerosis over the ensuing months. Interestingly, the Buffalo/mna rats have lesions at the glomerular junction with the proximal tubule, the so-called tip lesion, early in life, but lesions extend to all parts of the glomerulus later. 3 Genetic analysis in this model has shown 2 autosomal-recessive genes with only one locus identified to date, Pur1 on chromosome 13. This region in the rat is syntenic to the region of human chromosome 1 where the NPHS2 gene encoding podocin is located. Of great interest, some patients with FSGS recurring after transplantation have heterozygous mutations in NPHS2. 87 In summary, available rat and mouse models have added invaluable information on the etiologies and pathogenesis of FSGS lesions. Bridging knowledge from unexpected glomerular lesions in knockout mice, such as the CD2APϪ/Ϫ, has taught us about human disease. Conversely, developing new animal models with deficiency or mutation of genes implicated in human diseases will increase our understanding of glomerulosclerosis in humans exponentially, and provide a rationale for new therapeutic approaches.
